This study was designed to evaluate the possible renoprotective effects of rosiglitazone (RGT), a peroxisome proliferatoractivated subtype c receptor agonist, in deoxycorticosterone acetate (DOCA)-salt hypertension and its role in endogenous endothelin-1 (ET-1) production and renal fibrosis associated with inflammation. Rats were implanted with DOCA strips (200 mg kg À1 ) at 1 week after unilateral nephrectomy. DOCA-salt rats received control diet with or without RGT (10 mg kg À1 per day). Systolic blood pressure was measured by the tail-cuff method. Glomerulosclerosis and tubulointerstitial fibrosis were evaluated on kidney sections. The expression of ED-1, cyclooxygenase-2 (COX-2), heat shock protein-25 (HSP25) and transforming growth factor-b1 (TGF-b1) was determined in the kidney by semiquantitative immunoblotting. In DOCA-salt rats, systolic blood pressure was increased, whereas creatinine clearance decreased compared with controls, which were counteracted by RGT treatment. Tubular injury and glomerulosclerois in the histological study were prominent in DOCA-salt rats, which were counteracted by RGT treatment. ET-1 expression was increased in DOCA-salts rats, which was attenuated by RGT treatment. The expression of TGF-b1, ED-1 and COX-2 was increased in DOCA-salt, which was attenuated by RGT treatment. In conclusion, RGT treatment decreases blood pressure and is effective in preventing the progression of renal injury in DOCA-salt hypertension, the mechanisms of which are associated with anti-inflammatory and anti-fibrotic effects through reducing the overexpression of ET-1, ED-1, COX-2 and TGF-b1 in the kidney.
INTRODUCTION
Thiazolidinediones (TZDs) are used to treat type II diabetes because of their efficacy in controlling blood glucose secondary to enhancing insulin action through a mechanism(s) that is yet to be completely elucidated. 1 Interestingly, these compounds are also capable of a rich array of beneficial effects, including reductions of blood pressure in animal models and humans. [2] [3] [4] Moreover, TZDs prevent vascular smooth muscle cell growth 5 and inflammatory response. 6 One of the TZDs, rosiglitazone (RGT) also has diverse actions. It has antiinflammatory and anti-fibrotic effects in nondiabetic renal disease, 7 and an anti-hypertensive effect. 8 Deoxycorticosterone acetate (DOCA)-salt hypertensive rat is a well known, established model of mineralocorticoid hypertension with renal dysfunction. Although mineralocorticoid is traditionally known to promote sodium retention, recent evidence indicates that it causes oxidative stress, 9 and stimulates inflammation and fibrosis by activating transcription factors such as nuclear factor k-B (NF-kB) and activating protein-1. 10 Glomerular and tubular damage such as focal and segmental glomerular sclerosis, mesangial expansion, inflammatory cell infiltration and tubulointerstitial fibrosis develops in this model of hypertension together with activation of renal endothelin-1 (ET-1) and transforming growth factor (TGF)-b1 expression. [11] [12] [13] The PPARg activators significantly attenuated renal damage in a rat model of diabetic nephropathy associated with reduced oxidative stress and TGF-b1 expression. 14 Moreover, it provided far better renal protection compared with suppression of the renin-angiotensin system by ACE inhibitors, and is able to suppress ET-1 secretion from endothelial and vascular smooth muscle cells. 15 These findings suggest the ability of protective effects of PPARg activators against hypertensive renal injury. In the kidney, PPARg protein is widely expressed along the nephron segment, 16 but its role in hypertensive renal injury has not yet been determined.
This study was aimed at characterizing the renal protective effects of RGT in DOCA-salt hypertension and in the progression of inflammation and fibrosis in the kidney. We evaluated the effects of RGT on blood pressure, renal injury and ET-1 production in DOCA-salt hypertensive rats.
METHODS Animals
The animal study was approved by the Ethics Committee of Chonnam National University Medical School. Male Sprague-Dawley rats weighing 180-200 g were used. DOCA-salt hypertension was induced by subcutaneous implantation of silicone rubber containing DOCA (200 mg kg À1 ) at 1 week after unilateral nephrectomy. Physiologic saline was supplied as drinking water to all animals. Two weeks after DOCA implantation, DOCA-salt rats were randomly divided to receive control diet with or without RGT (avandia, 10 mg kg À1 per day) for another 2 weeks. Systolic blood pressure was measured by the tail-cuff method (Power lab, ADInstruments Inc., Colorado Springs, CO, USA) at 2 and 4 weeks after DOCA implantation. The rats were maintained individually in metabolic cages to allow urine collections for the measurement of Na + , K + and creatinine. They were killed for semiquantitative immunoblotting and immunohistochemical studies at 4 weeks after DOCA implantation. Under anesthesia with isoflurane, blood samples were collected from the inferior vena cava and analyzed for Na + , K + and creatinine. The kidney was rapidly removed from the dissected cortex and outer stripe of the outer medulla (cortex/OSOM), and processed for immunoblotting as described below.
Another series of experiments was performed for the assay of real-time polymerase chain reaction (PCR). The rats were decapitated in a conscious state, and their kidneys were taken and kept at À70 1C until assayed for the mRNA expression by real-time PCR.
Another set of experiments was made to examine the effects of RGT alone in unilateral nephrectomized rats, with no DOCA implanted. Three weeks later after unilateral nephrectomy, rats received control diet with or without RGT (avandia, 10 mg kg À1 per day) for another 2 weeks. The kidneys were taken for immunoblotting of ED-1, TGF-b1, Na + /H + exchanger type 3 (NHE3) and Na,K ATPase a1.
Histology
A perfusion needle was inserted into the abdominal aorta and the vena cava was cut to establish an outlet. Blood was flushed from the kidney with cold phosphate-buffered saline (pH 7.4) for 15 s before switching to cold 3% paraformaldehyde in 0.1 M cacodylate buffer (pH 7.4) for 3 min. The kidney was removed and sectioned into 2-3 mm transverse sections and immersion fixed for an additional 1 h, followed by 3Â10 min washes with 0.1 M cacodylate buffer of pH 7.4. The tissue was dehydrated in graded ethanol and left overnight in xylene. After embedding in paraffin, 2 mm sections were made on a rotary microtome (Leica Microsystems A/S, Herlev, Denmark). The Periodic acid Schiff (PAS) stain and Masson trichrome (M-T) were performed. Microscopy was carried out using a light microscope (Nikon, Tokyo, Japan).
Pathologic examinations
The extent of glomerulosclerosis (GS) was graded from 0 to 4 by a semiquantitative score: 0, normal; 1, mesangial expansion/sclerosis involving o25% of the tuft; 2, moderate GS (25-50%); 3, severe GS (50-75%) and 4, diffuse GS involving 475% of the glomerular tuft. GS index (GSI) for each rat was calculated as a mean value of all glomerular scores obtained. 17 Tubulointerstitial lesion indexes were determined using a semiquantitative scoring system. 17 Ten fields per kidney were examined, and lesions were graded from 0 to 3 (0, no change; 1, changes affecting o25% of the section; 2, changes affecting 25-50% of the section and 3, changes affecting 50-100% of the section), according to the area with tubulointerstitial lesions (tubular atrophy, casts, interstitial inflammation and fibrosis). The score index in each rat was expressed as a mean value of all scores obtained.
Semiquantitative immunoblotting
The dissected kidneys were homogenized in ice-cold isolation solution containing 0.3 M sucrose, 25 mM imidazole, 1 mM EDTA, 8.5 mM leupeptin and 1 mM phenylmethylsulfonyl fluoride, with pH 7.2. The homogenates were centrifuged at 1000 g for 15 min at 4 1C to remove whole cells, nuclei and mitochondria. The total protein concentration was measured (Pierce BCA protein assay reagent kit, Pierce, Rockford, IL, USA). All samples were adjusted with isolation solution to reach the same final protein concentrations and solubilized at 65 1C for 15 min in SDS-containing sample buffer and then stored at À20 1C. To confirm equal loading of protein, an initial gel was stained with Coomassie blue. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis was performed on 9 or 12% polyacrylamide gels. The proteins were transferred by gel electrophoresis (Bio-Rad Mini Protean II, Bio-Rad, Hercules, CA, USA) onto nitrocellulose membranes (Hybond ECL RPN3032D, Amersham Pharmacia Biotech, Little Chalfont, UK). The blots were subsequently blocked with 5% milk in PBST (80 mM Na 2 HPO 4 , 20mM NaH 2 PO 4 , 100mM NaCl, 0.1% Tween 20, pH 7.5) for 1 h and incubated overnight at 4 1C with primary antibodies followed by incubation with secondary anti-rabbit (P448, DAKO, Glostrup, Denmark) or anti-mouse (P447, DAKO) horseradish peroxidaseconjugated antibodies. The labeling was visualized by an enhanced chemiluminescence system.
We used previously characterized antibodies. Affinity-purified rabbit polyclonal antibodies were used against the renal sodium transporters; NHE3, Na-K-ATPase a1 and the thiazide-sensitive Na + :Cl À cotransporter (NCC). 18 Affinity-purified rabbit polyclonal antibodies to TGF-b1 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), ED-1 (Serotec, Raleigh, NC, USA), cyclooxygenase-2 (COX-2, Cayman Chemical, Ann Arbor, MI, USA), heat shock protein 25 (HSP25, Upstate Biotechnology, Lake Placid, NY, USA) and b-actin (Sigma, St Louis, MO, USA) were commercially obtained.
mRNA Expression of endothelin system and inflammatory markers
The mRNA expression of ET-1, type A ET receptor (ET A R), type B ET receptor (ET B R), tumor necrosis factor (TNF)-a, interleukin (IL)-1b, interferon (IFN)-g, TGF-b1, monocyte chemoattractant protein (MCP)-1 and intercellular adhesion molecule (ICAM)-1 was determined by real-time PCR. cDNA was made by reverse-transcribing 5 mg of total RNA using oligo (dT) priming and superscript reverse transcriptase II (Invitrogen, Carlsbad, CA, USA). cDNA was quantified using the Smart Cycler II System (Cepheid, Sunnyvale, CA, USA) and SYBR Green was used for detection. PCR was performed using the RotorGene 3000 Detector System (Corbette Research, Mortlake, New South Wales, Australia). Sequences of primers are listed in Table 1 . The PCR was performed according to the following steps: (1) (5) 85 1C for 6 s to detect SYBR Green. Steps 2-5 were repeated for an additional 45 cycles, whereas at the end of the last cycle, the temperature was increased from 60 to 95 1C to produce a melt curve. Data from the reaction were collected and analyzed with the Corbett Research Software. The comparative critical threshold (C T ) values from quadruplicate measurements were used to calculate the gene expression, with normalization to GAPDH as an internal control. 19 Melting curve analysis was performed to enhance specificity of the amplification reaction. 
Enzyme immunoassay for ET-1
Concentrations of ET-1 in plasma, kidney tissue and urine extracts were determined using an ET-1 enzyme-linked immunosorbent assay kit (R&D Systems, Minneapolis, MN, USA). The cross-reactivity of the antibody for the former was 0.1% for all Big ETs, 14% for ET-3 and 45% for ET-2. The assay procedure was carried out according to the manufacturer's instructions.
Statistical analyses
Results are expressed as mean ± s.e.m. Multiple comparisons among the groups were made by one-way ANOVA and post hoc Tukey HSD test. P-values o0.05 were considered significant. Table 2 summarizes the blood pressure and body weight of control, DOCA-salt and RGT-treated DOCA-salt rats. The only DOCA-salt rats showed 20% mortality rate, whereas all of the controls and D+RGT rats survived during the experiments. The systolic blood pressure was markedly increased in DOCA-salt rats compared with control rats, whereas RGT attenuated increased systolic blood pressure in DOCA-salt rats at 4 weeks after DOCA implantation. Kidney weights and left ventricular weights were increased in DOCA-salt rats compared with controls, which were attenuated by RGT treatment. Table 3 summarizes the renal functions. DOCA-salt rats decreased creatinine clearance and increased plasma creatinine levels compared with controls. In addition, the fractional excretion of sodium increased, suggesting impaired tubular sodium reabsorption in DOCA-salt rats. In addition, the urinary microalbumin excretion ratio (UAE) was increased. RGT treatment lowered plasma creatinine levels, increased creatinine clearance and reduced fractional excretion of sodium and UAE.
RESULTS

Blood pressure and renal function
Effect of RGT on pathological changes in DOCA-salt rats Figure 1 shows morphological change among the three groups. In the PAS stain, tubular cast, obstruction and dilatation were shown in DOCA-salt rats. The GSI attained values almost 10-fold as high as in control rats. Treatment with RGT was associated with a less pronounced increment of GSI. Interstitial expansion was also a prominent component of renal injury in DOCA-salt rats, which was attenuated by RGT treatment Effect of RGT on endothelin system in DOCA-salt rats Figure 2a shows the expression of ET-1, ET A R and ET B R in the kidney. The abundance of ET-1 mRNA was significantly increased in kidneys of DOCA-salt rats compared with controls, which was counteracted by RGT treatment. The expression of ET A R was decreased in kidneys of DOCA-salt rats, which was not further affected by RGT treatment. The expression of ET B R was increased in kidneys of DOCA-salt rats, which was attenuated by RGT treatment. ET-1 content in the kidney and its urinary excretion were increased in DOCA-salt HTN rats, which were attenuated by RGT treatment. However, Plasma ET-1 level revealed no difference among the three groups (Figure 2b ).
Effect of RGT on inflammatory markers in DOCA-salt rats
The expression of ED-1, COX-2, HSP25 and TGF-b1 were increased in DOCA-salt rats compared with controls, which are reduced by RGT treatment (Figures 3 and 4) . Immunohistochemical staining for TGFb1 was increased in the cortical glomerulus and interstitium in DOCA-salt rats compared with controls, which was attenuated with RGT treatment (Figure 4) . The mRNA expression of TNFa, IL-1b, INFg, TGF-b1, MCP-1 and ICAM-1 was increased in DOCA-salt rats, which was attenuated by RGT treatment ( Figure 5 ).
Effect of RGT on sodium transporters in DOCA-salt rats The protein expression of NHE3, Na,K-ATPase a1-subunit and NCC was markedly decreased in the cortex/OSOM in DOCA-salt rats, which was attenuated by RGT treatment (Figure 6 ).
Expression of RGT alone in unilaterally nephrectomized rats
In unilaterally nephrectomized rats, the protein expression of ED-1, TGF-b1, NHE3 and Na,K ATPase a1 was not changed by RGT treatment (Figure 7) .
DISCUSSION
This study provides in vivo evidence of the beneficial effects of PPARg activators against GS and chronic hypertensive renal injury in an ET-1-dependent model of hypertension. As expected, DOCA-salt hypertensive rats showed systemic arterial hypertension and impaired renal function. These functional changes were accompanied by severe GS and interstitial fibrosis. The detection of inflammatory and profibrotic gene induction and macrophage infiltration in the kidneys of DOCAsalt hypertensive rats supports the notion that inflammatory processes contribute to progressive renal injury and fibrosis.
Earlier studies have shown that ET-1 contributes to the development of high blood pressure and vascular growth in DOCA-salt rats. 20 As suggested by earlier in vitro studies, PPARa and PPARg are potent inhibitors of ET-1 production in vascular cells. 15 This study showed that ET-1 mRNA expression was increased in the kidneys in association with increased blood pressure and decreased GFR. These findings suggest that the enhanced renal production of ET-1 has a role in the development of hypertension and renal dysfunction. Physiological and pathophysiological responses to ET-1 in various tissues are mediated by interactions with ET A and ET B receptor subtypes. ET A R is expressed mainly in the vascular tissues, where it mediates vasoconstrictive and growth effects. 21 The function of ET B R appears to be more complex, as it is located on a variety of cell types. 22 ET B R is particularly abundant in the renal medullary epithelium, where it appears to influence tubular sodium and water reabsorption, accounting for the natriuretic and diuretic actions of ET-1. 23 The selective blockade of ET B R resulted in increased blood pressure and increased sodium and water retention in DOCA-salt rats. 24 These results suggest that ET A R has an important role in the pathogenesis of DOCA-salt hypertension. 
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On the other hand, it seems likely that an ET B R-mediated pathway protects against vascular and renal injuries in this model of hypertension. Therefore, decreased ET A R and increased ET B R mRNA expression in DOCA-salt hypertensive rats may have compensatory roles in vasoconstriction and renal injury by ET-1. Our study showed that the ET-1 content in the kidneys and its urinary excretion were increased in DOCA-salt hypertensive rats, but that it could be attenuated by RGT treatment. Although the mechanisms underlying the increased production of ET-1 in the kidneys in DOCA-salt hypertension are unclear, inflammation has been suggested to stimulate renal ET-1 production. ET-1 synthesis and release were increased on exposure to inflammatory cytokines such as TNFa and C-reactive protein in mesangial and vascular endothelial cells. 25, 26 Indeed, the blockade of inflammation by a TNFa inhibitor suppressed renal injury in DOCA-salt rats. 27 In this study, ET-1 expression was increased in association with the upregulation of inflammatory chemokines (TNFa, IL-1b and IFNg) and adhesion molecules (MCP-1 and ICAM-1) in DOCA-salt hypertension, and these effects were counteracted by RGT. These findings suggest that RGT decreases ET-1 synthesis by inhibiting tissue inflammation in DOCA-salt hypertension.
In this study, RGT therapy reduced inflammatory marker expression. Such infiltration has been shown to participate in the initiation and progression of GS and tubulointerstitial fibrosis. 28 Consistent with this, RGT abrogated the renal expression of a number of inflammatory mediators in chronic cyclosporin nephrotoxicity 29 and lipopolysaccharide-induced renal injury. 30 It has been shown that macrophage infiltration occurs in DOCA-salt hypertension and contributes to GS. 31 In addition, COX-2 expression was increased, and COX-2 inhibitor treatment decreased tubulointerstitial injury in DOCA-salt Effects of rosiglitazone on DOCA-salt hypertension EH Bae et al rats. 32 These findings suggest that macrophage infiltration and inflammation contribute to renal injury associated with mineralocorticoid hypertension and that RGT treatment reduces inflammatory reactions and renal injury. Alterations in HSP expression have been suggested to have a protective role against tissue damage. The molecular adaptation of vascular endothelial cells to oxidative stress is accompanied by HSP induction. Human HSP27 and mouse HSP25 form large oligomers when overexpressed in vitro, acting as molecular chaperones and protecting cells from heat shock and oxidative stress. 33 In addition, angiotensin II infusion induces renal HSP25. 33, 34 These findings show the beneficial and compensatory roles of HSP25. In this study, HSP25 expression was increased in the kidneys of DOCA-salt rats; thus, it may have a protective role in the pathogenesis of hypertension and renal damage. Interestingly, RGT treatment attenuated HSP expression in the kidneys of DOCA-salt hypertensive rats, in association with the prevention of renal injury.
Levels of the multifunctional cytokine TGF-b1 are elevated in patients with hypertension, and TGF-b1 is likely a prime mediator in the progression of renal disease. One of the mechanisms by which TGF-b1 induces fibrogenesis is the stimulation of extracellular matrix protein production and inhibition of matrix degradation. In this study, TGF-b1 expression was increased and GS was prominent in DOCA-salt rats, and these effects were attenuated by RGT treatment. Thus, histological recovery from GS by RGT treatment may contribute to the restoration of renal function and decrease in blood pressure.
This study suggests that ET-1 and TGF-b1 are key players in preventing glomerular/tubulointerstitial damage and in lowering blood pressure in DOCA-salt rats treated with RGT. However, it is possible that alterations in the renin-angiotensin system (RAS) by RGT treatment are associated with the prevention of renal injury in DOCA-salt rats. The association between PPARg and angiotensin II is not fully understood, but recent studies have shown that TZDs antagonize the in vivo and in vitro actions of angiotensin II, 35 while downregulating the angiotensin II receptor. 36 In addition, it has been reported that PPARg activation inhibits angiotensin II synthesis, apoptosis and proliferation in the mesangial cells of spontaneously 
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β-Actin Figure 6 Semiquantitative immunoblotting of NHE3, Na-K-ATPase a1 and NCC in the membrane fraction of cortex/OSOM. Densitometric analysis revealed decreased expression of NHE3, Na-K-ATPase a1 and NCC in DOCA-salt rats. Rosiglitazone treatment partially prevented the downregulation of NHE3, Na-KATPase a1 and NCC in DOCA-salt rats. *Po0.05 compared with control. # Po0.05 compared with the DOCA-salt group.
hypertensive rats. 37 These findings indicate that alterations in reninangiotensin system by RGT treatment are associated with the prevention of renal injury in DOCA-salt rats.
In this study, the fractional excretion of sodium was increased in DOCA-salt rats, suggesting a decrease in sodium reabsorption in the renal tubules. Accordingly, the expression of NHE3, Na + /K + -ATPase a1 and NCC was decreased in the kidneys of DOCA-salt rats. Thus, it may be that decreased sodium absorptive activity in the renal tubules contributes to the avoidance of the salt-retaining effects of mineralocorticoids. Importantly, the decreased expression of sodium transporters was counteracted by RGT treatment. The molecular mechanisms by which the expression of renal sodium transporters is decreased in the kidneys of DOCA-salt rats are unknown. A recent study showed that LPS-induced inflammation induced the downregulation of renal sodium transporters and that cytokines decreased the expression of renal sodium transporters in cortical collecting duct cells. 38 These findings suggest that the downregulation of renal sodium transporters, which may account for the tubular dysfunction in DOCA-salt hypertension, is mediated by inflammation, and that this can be prevented by RGT treatment, leading to the resumption of renal tubular sodium reabsorption.
Unilateral nephrectomy causes a number of changes in the remnant kidneys, including hypertrophy and cellular proliferation. 39 Thus, it was assumed that RGT treatment would induce different baseline changes in uninephrectomized contralateral kidneys. This study showed that RGT did not affect the abundance of ED-1, TGF-b1, NHE3 or Na + /K + ATPase a1 in the remnant kidneys, suggesting that RGT has selective renoprotective effects on hypertensive renal injury in DOCA-salt hypertension.
In conclusion, RGT treatment decreases blood pressure and is effective in preventing the progression of renal injury in DOCA-salt hypertension, the mechanisms of which are associated with antiinflammatory and anti-fibrotic effects through the reduced overexpression of ET-1, ED-1, COX-2 and TGF-b1. Figure 7 Semiquantitative immunoblotting of ED-1, TGF-b1, NHE3 and Na,K ATPase a1 in whole kidney. Densitometric analysis revealed that rosiglitazone alone did not affect the protein expression of ED-1, TGF-b1, NHE3 and Na,K ATPase a1 in kidneys in uninephrectomized rats.
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